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HIGH SPEED DECISION FEEDBACK EQUALIZER 
BACKGROUND OF THE INVENTION 

Technical Field 

[0001] The present subject matter relates in general to data receivers and more 
particularly, to decision feedback equalizers used in receivers. 

Background Information 

[0002] In many digital communication systems (e.g., network switches), a source 
generates digital information, such as data, audio, or video, and transmits such information 
to one or more receivers. The digital information bits may be divided into blocks that 
define a discrete alphabet of symbols. These symbols may be used to modulate a 
carrier's frequency, amplitude or phase. 

[0003] The digital bit stream is transmitted across a communication medium (e.g., a 
copper backplane) and detected by a receiver. Such communication media (also referred 
to as the "channel") may cause the transmitted signal to become distorted as it propagates 
across the channel. As a result, symbols may smear across multiple symbol boundaries, 
i.e., one symbol may bleed over into other symbols. This phenomenon is referred to as 
inter- symbol interference ("ISI"). Further, noise may be added to the received signal from 
transmitter and receiver component imperfections, and from other sources along the 
propagation path. 

[0004] The receiver attempts to receive and correctly reproduce the originally transmitted 
bit stream. That is, a transmitted logic "1" should be accurately determined to be a "1" by 



116168.01/1962.09300 (TI-37348) 



1 



the receiver and, similarly, a transmitted logic "0" should be determined to be a "0" upon 
reception. Some receivers may include an equalizer to mitigate the effects of ISI and 
noise caused by the channel and other effects. Because the exact channel characteristics 
may not be known apriori at the receiver, the equalizer may be implemented with adaptive 
methods. Data rates continue to trend upward and are approaching the upper limit of what 
is possible with presently preferred types of semiconductor technology (e.g., CMOS). 
Further, many applications benefit from, if not demand, lower power consumption 
equipment. The upward trend in data rates in the face of expectations for lower power 
consumption devices imposes considerable design challenges for faster, lower power 
receivers. 

BRIEF SUMMARY 

[0005] In accordance with at least some embodiments of the invention, an equalizer and 
associated method comprise a sampler, a filter, and a summer. The sampler samples a 
signal indicative of an input communication signal to determine digital decision output 
signals having a predetermined data rate. The filter receives digital decision output 
signals from the sampler and generates equalization signals therefrom. The summer 
couples to the sampler and the filter and combines together the input communication 
signal with the equalization signals. Further, a plurality of clocks control timing associated 
with the sampler. These clocks have frequencies that are less than a data rate of a 
communication device. 

[0006] In accordance with other embodiments of the invention, an equalizer and 
associated method comprise a sampler, a filter, a summer, and a clock circuit. The 
sampler that samples a signal indicative of an input communication signal to determine 
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digital decision output signals. The filter receives digital decision output signals from the 
sampler and generates equalization signals therefrom. The summer couples to the 
sampler and the filter. The summer combines together the input communication signal 
with the equalization signals. The clock circuit couples to the filter and the sampler. The 
clock circuit generates a plurality of inter-symbol interference ("ISI") cancellation clock 
signals that operate the filter from a set of quadrature clocks used to operate the sampler. 
[0007] In accordance with other embodiments of the invention, an equalizer and 
associated method comprise an input amplifier, a sampler, a filter, and a summer. The 
input amplifier receives an input communication signal. The sampler samples a signal 
indicative of the input communication signal to generate digital decision output signals. 
The filter receives digital decision output signals from the sampler and generates 
equalization signals therefrom. The summer couples to the sampler and the filter. The 
summer combines together the input communication signal with the equalization signals. 
The equalizer includes a sensitivity test process in which the at-speed sensitivity of the 
equalizer can be determined. The process includes disabling the input amplifier, providing 
a predetermined set of tap coefficients to the filter, determining if the sampler generates a 
repeating pattern associated with the set of tap coefficients, and repeating the sensitivity 
test process with other predetermined sets of tap coefficients until the sampler no longer 
determines the repeating pattern associated the set of tap coefficients provided to the 
filter. 
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NOTATION AND NOMENCLATURE 
[0008] Certain terms are used throughout the following description and claims to refer to 
particular system components. As one skilled in the art will appreciate, various companies 
may refer to a component by different names. This document does not intend to 
distinguish between components that differ in name but not function. In the following 
discussion and in the claims, the terms "including" and "comprising" are used in an open- 
ended fashion, and thus should be interpreted to mean "including, but not limited to." 
Also, the term "couple" or "couples" is intended to mean either an indirect or direct 
connection. Thus, if a first device couples to a second device, that connection may be 
through a direct connection, or through an indirect connection via other devices and 
connections. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0009] For a more detailed description of the preferred embodiments of the present 
invention, reference will now be made to the accompanying drawings, wherein: 
[0010] Figure I shows a receiver incorporating a decision feedback ("DFE") equalizer in 
accordance with the preferred embodiment of the invention; 
[001 1] Figure 2 depicts a preferred embodiment of the DFE of Figure 1 ; 
[0012] Figure 3 illustrates the timing relationship between the half baud, quadrature 
clocks used in the DFE of Figure 2; 

[0013] Figure 4 shows a preferred embodiment of the generation of the inter-symbol 
interference cancellation clocks based on the quadrature clocks; 

[0014] Figure 5 illustrates a circuit usable to generate a delay code for use in the 
embodiment of Figure 4; 
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[0015] Figures 6A and 6B illustrate exemplary calibration mode timing diagrams; 

[0016] Figure 7 depicts a preferred technique for determining the at-speed sensitivity of 

the DFE's sampler; 

[0017] Figure 8 shows a coefficient normalization circuit; and 

[0018] Figure 9 shows a timing diagram illustrating synchronous DFE exit and entry. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0019] The following discussion is directed to various embodiments of the invention. 
Although one or more of these embodiments may be preferred, the embodiments 
disclosed should not be interpreted, or otherwise used, as limiting the scope of the 
disclosure, including the claims, unless otherwise specified. In addition, one skilled in the 
art will understand that the following description has broad application, and the discussion 
of any embodiment is meant only to be exemplary, of that embodiment, and not intended 
to intimate that the scope of the disclosure, including the claims, is limited to that 
embodiment. 

[0020] Figure 1 shows an exemplary embodiment of a receiver 10. As shown, the 
receiver comprises a decision feedback equalizer ("DFE") 12, serial-to-parallel converter 
14, clock recovery circuit 16, clock generation circuit 18, and least mean square ("LMS") 
coefficient generator 20. Input data 22 to the receiver, is received as a serial bit stream 
(RX) into the DFE 12: The DFE determines whether each bit is a 0 or 1 and produces an 
output bit stream to the serial-to-parallel converter 14. The serial-to-parallel converter 14 
converts the input bit stream from the DFE 12 into parallel data which then represents the 
output 24 of the receiver. The parallel output data from the receiver can then be used by 
host logic (not shown) to which the receiver couples. The DFE is an adaptive equalizer 
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and operates in concert with filter coefficients generated and provided by the LMS 
coefficient generator 20. In general, the DFE 12 reduces inter-symbol interference ("ISI"). 
The LMS coefficient generator 20 generates the coefficients dynamically based on the 
parallel data and feeds the coefficients back into the DFE. The DFE uses the coefficients 
in a multi-tap filter to compensate for ISI. The coordinated activity of the clock recovery 
circuit 16 and the clock generator 18 produce appropriate clock signals to control the 
operation of the DFE. These and other features will be discussed below. 
[0021] Figure 2 shows a preferred embodiment of the DFE 12. As shown, the DFE 12 
comprises amplifiers 30-34, sense amplifiers 36-42, summer 44, latches 46-64, 
multiplexers 66-84, and multipliers 86-100. Input serial data (represented as "RX") is 
received into the input amplifier 30. The output of the input amplifier 30 is provided to the 
summer 44 which sums together the output signals of the four multiplexers 66-72. The 
output of the summer 44 (at the "EQ" node 45) is provided to a sampler 29 that comprises 
amplifiers 32, 34, sense amplifiers 36-42 and latches 46, 48. More specifically, the output 
of summer 44 is provided to both amplifiers 32 and 34 in separate processing paths 31 
and 33. Processing path 31 comprises amplifier 32, sense amplifiers 36, 38 and latches 
46, 48. Processing path 33 comprises amplifier 34 and sense amplifiers 40 and 42. 
Processing path 31 is used to process gradient bits from the input RX bit stream and 
processing chain 33 is used to process data bits from the input bit stream. Sense amplifier 
36 in path 31 is used to sense even gradient bits, while sense amplifier 38 is used to 
sample odd gradient bits. Similarly, sense amplifiers 40 and 42 are used to sample even 
and odd data bits, respectively. 
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[0022] The DFE 12 shown in Figure 2 comprises a 4-tap DFE filter. Tap 1 is represented 
by multipliers 86, 88 and multiplexer 66. Tap 2 is represented by multipliers 90, 92 and 
multiplexer 68. Tap 3 is represented by multipliers 94, 96 and multiplexer 70. Tap 4 is 
represented by multipliers 98, 100 and multiplexer 72. Although a 4-tap filter is used in the 
embodiment of Figure 2, in other embodiments a different number of taps may be 
implemented. The coefficients for the taps are shown as C1, C2, C3 f and C4 and are 
computed and provided by the LMS coefficient generator 20. The latches 50-64 generally 
function as shift registers to shift the feedback bits from sense amplifiers 40 and 42 from 
one tap to the next to cancel the effects of interference from one symbol on one or more 
other symbols. 

[0023] Preferably, the clocks that control the timing of the sampler 29 have frequencies 
that are less than the rate of the data out of the equalizer 12. The preferred embodiment 
of the DFE 12 shown in Figure 2 uses half baud, quadrature clock signals to facilitate high 
speed data transfers. As such, the sampling clocks have frequencies that are one-half the 
data rate of the DFE 12. The four quadrature clocks are shown in Figure 2 as CLKJ), 
CLK_90, CLK_180, and CLK_270 representing four clocks with phase differences of 0, 90, 
180 and 270 degrees, respectively. The timing relationship among these four quadrature 
clocks are shown in Figure 3. As can be seen, the CLK_0 and CLKJ 80 are out of phase 
by 180 degrees with respect to each other. Similarly, the CLK_90 and CLK_270 are out of 
phase by 180 degrees with respect to each other and out of phase by 90 degrees with 
respect to the 0 and 180 clocks. In the embodiments disclosed herein, rising edges (e.g., 
104, 106, 108, 110) of the clocks are used to sample the input gradient and data signals 
from amplifiers 32 and 34 (SA_G and SA_D). 
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[0024] Referring again to Figure 2, the CLKJ3 and CLKJ80 clocks preferably are used 
to clock sense amplifiers 36 and 38, while the CLK_90 and CLK_180 clocks are used to 
clock sense amplifiers 40 and 42. As such, the gradient sampling sense amplifiers 36, 38 
use a pair of opposite polarity clocks as do the data sampling sense amplifiers 40, 42. As 
illustrated in Figure 3 and described above, the clocks used to sample data are out of 
phase by 90 degrees with respect to the clocks used to sample the gradient bits. As a 
result of using half-baud rate quadrature clocks, in the span of one gradient clock cycle, 
two gradient samples can be obtained. Similarly, in the span of one data clock cycle, two 
data samples can be obtained. Moreover, data can be received at a rate that is twice the 
frequency of any of the clocks. This type of clock mechanism advantageously permits 
slower clocks to be used relative to the target data rate. For example, 3-gigahertz clocks 
can be used to transmit and receive data at a rate of 6 gigabits per second. 
[0025] In general, sense amplifiers undesirably "kickback" differential and common mode 
noise onto their inputs when sampling clock transitions. The preferred embodiment of 
Figure 2 shows that the sense amplifiers 36-42 are divided into separate processing paths 
31 , 33 as noted above. By separating the gain stages as shown and providing one pair of 
clocks (CLK_0/180) for the gradient stage and the other pair of clocks (CLK_90/270) for 
the data stage, the impact of kickback is reduced. 

[0026] Referring to Figures 2, 3, and 4, a pair of ISI cancellation clocks, CLK_DFE_N 
and CLKJDFE_P, are used to coordinate the timing of the feedback cancellation signals 
into the filter taps. In accordance with the preferred embodiments of the invention, the ISI 
cancellation clocks are derived from the quadrature clocks (CLKJ3/90/1 80/270). The 
clock circuit of Figure 4 depicts an exemplary embodiment of how the ISI cancellation 
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clocks CLK_DFE_N and CLK_DFE_P are generated or otherwise based on the 
quadrature clocks. The embodiment of Figure 4 includes a plurality of inverters 120-146 
used as delay cells. That is, each inverter causes the input signal to be inverted and 
produced as an output signal following a time delay associated with the implementation of 
the inverter. The input signals to the embodiment shown in Figure 4 comprise the four 
quadrature clocks CLKJJJN, CLK_90_IN, CLK_180_IN, and CLK_270_IN and a select 
delay code represented as SEL_DLY[2:0]. The output clock signals from the circuit 
comprise delayed versions of the quadrature clocks (CLK_0, CLK_90, CLKJ80, and 
CLK_270) that are used to sample the gradient and data bits in Figure 2. The 
CLK_DFE_N and CLK__DFE__P clocks are also generated by the inverter network of Figure 
4. The CLKOJN, CLK_90JN, CLKJ80JN, and CLK_270_IN clocks are each passed 
through four inverters. Inverters 120 and 146 are used for the 270 and 90 clocks, 
respectively, and inverters 122-128 and 138-144 are used for the 180 and 0 clocks, 
respectively. With an even number of inverters, the logic level of the quadrature clocks 
remains the same, but the clocks are delayed by the combined time delay associated with 
four serially connected inverters. In other embodiments, the number of inverters can be 
other than four. 

[0027] The CLK_DFE_N clock is derived from the CLKJ80JN through inverters 122, 
130 and 132 as shown. Inverter 130 comprises an inverter with a variable time delay. The 
amount of delay imposed by inverter 130 is dictated by the SEL_DLY[2:0] code. The 
SEL_DLY[2:0] code is a three bit code in the preferred embodiment thereby permitting the 
selection of eight different delay settings. In other embodiments, the select delay code 
may have other than three bits (i.e., one or more) to permit other than 8 selectable delay 
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settings. The CLKJDFE_P clock is derived from the CLKJDJN clock through inverters 
138, 134, and 136 with inverter 134 also being a variable delay inverter and controlled via 
the SEL_DLY[2:0] code. 

[0028] The following discussion addresses how the magnitude of the variable time delay 
is determined. In accordance with at least some embodiments, the amount of time delay 
is determined during execution of a calibration mode. The calibration mode may be 
entered at any suitable time such as at startup or reset. Referring to Figure 2, upon 
entering the calibration mode, the amplifier 30 preferably isolates the RX input from the 
EQ node 45. The first DFE coefficient (C1) is set to its maximum value while C2-C4 are 
set to zero. Setting the coefficients in this manner causes a 1010.... repeating pattern to 
be generate at the EQ node 45. The 1010 repeating pattern is amplified by amplifiers 32 
and 34 and sampled by sense amplifiers 36-42. The alignment of the cancellation clocks 
CLK_DFE_N and CLK_DFE_P to the sampling clocks CLK_0, CLK_90, CLKJ80, and 
CLK_270 determines the output of the sense amplifiers. If the cancellation clocks' rising 
edges occur too early relative to CLK_0 and CLKJ80, then the resulting gradient sample 
will not equal the subsequent data sample. Conversely, if the cancellation clocks occur 
too late, then the output gradient sample will equal the subsequent data sample. This 
information is used to move the cancellation clocks to the proper position. The 
SEL_DLY[2:0] bits are updated based on the early/late votes in a 16-bit wide register. 
[0029] Figure 5 illustrates the computation of votes that drive the SEL_DLY[2:0] bits. 
Figure 5 shows an exemplary embodiment of a circuit 150 usable in DFE 10 to calibrate 
the SEL_DLY[2:0] delay code to properly time the cancellation clocks. As shown, the 
circuit 150 comprises a synchronizer and deserializer 152, early/late ("E/L") voter 154, a 
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delay locked loop ("DLL") calibration unit 156 and a DFE tap update unit 158. The 
synchronizer and deserializer 152 receives the even and odd data and gradient samples 
and synchronizes such samples to CLK_270. The synchronizer and deserializer 152 then 
de-serializes the data and gradient samples into 16-bit units which are synchronized to a 
divided down clock (CLK16) that 1716 th the frequency of any of the quadrature clocks. The 
16 bits of data and gradient samples are then sent to the E/L voter 154. The E/L voter 154 
determines the early and late votes based on the samples. The following algorithm is 
used for early/late vote computation. If the current data sample equals the next gradient 
sample, then ISI cancellation clocks are determined to have occurred late. Otherwise, the 
ISI cancellation clocks are determined to have occurred early. Early votes are encoded as 
E[15:0] and late votes are encoded as L[15:0]. An early vote for a particular sample / is 
encoded as E[/] = 1 and L[/] = 0. A late vote for sample /" is encoded as E[/] = 0 and L[/] = 
1 . The 16 early and 16 late votes are provided to the DLL calibration unit 
[0030] Additional data and gradient bits are registered so that preferably 22 bits of data 
and 16 bits of early and late votes are output from the E/L voter 154. The early (E) and 
late (L) votes are provided to the DLL calibration unit 156 to update The SEL_DLY signal. 
The total number of late votes being greater than the total number of early votes indicates 
that the sampling clocks (CLKJ), CLK_90, CLK_180, and CLK_270) are late with respect 
to CLKJ3FEJM and CLK_DFE_P. As a result, the DLL calibration unit 156 increases the 
SEL_DLY code by a predetermined amount (e.g., one delay unit). Preferably, the delay 
through the delay cells 130, 134 increases monotonically with increases in the SEL_DLY 
code. The increased delay cause the signal on the EQ node to shift in time, which in turn 
leads to a different sampling point. Eventually, the calibration results in a final SEL_DLY 
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code that causes the gradient clocks (CLK_0, CLK_180) to sample at the edge of the 
"eye". (i.e., zero-crossing) while the data clocks (CLK_90, CLK_270) sample at the center 
of the eye. 

[0031] Figures 6A and 6B illustrate two cases of samples being late or early and the 
resulting action on the SEL_DLY code to re-center the clocks. In Figure 6A, the phase 
sampling clock CLK_0 is late while in Figure 6B, CLK_0 is early. The horizontal arrows 
indicate the required corrections to the ISI cancellation clock (CLK_DFE). 
[0032] The architecture of DFE 12 also provides a mode for precise characterization of 
sensitivity of the sense amplifiers and at-speed testing of the analog circuits. In this mode, 
as explained below, the DFE taps are fixed at certain coefficient values while the input 
amplifier 30 is shut-off, thereby isolating the EQ node from the input RX signal. The DFE 
will maintain a certain repeating known pattern associated with each set of selected 
coefficients. The algorithm provided below specifies how the tap coefficients are selected 
for this mode. 

[0033] In accordance with the preferred embodiment of the invention, the following 
criteria should be met during this mode when selecting the tap coefficients: 

• The sum of the coefficients should be greater than or equal to one; 

• At least one negative tap coefficient should be included; 

• The minimum value should be 1 LSB for maximizing the range of values that may be 
tested; and 

• The number of transitions within the repeating pattern should be maximized to achieve 
at-speed testing. 



116168.01/1962.09300 (TI-37348) 



12 



[0034] An exemplary set of coefficients along with the minimum/maximum range of 
generated values is provided in Table I below. 



TABLE I 



TAPS <1:4> 


REPEATING PATTERN 


MAX 
VALUE 


MIN VALUE 


1,0,0,0 


1010... 


30LSB 


1LSB 


0,1,0,0 


11001100... 


14LSB 


1LSB 


0,0,1,0 


111000111000... 


7LSB 


1LSB 


0,0,0,1 


1111000011110000... 


7LSB 


1LSB 


0,-1,1,1 


1111000011110000... 


7LSB 


1LSB 


2,1,-1,1 


1101001011010010... 


7LSB 


1LSB 


0,1,-1,1 


100100... 


7LSB 


1LSB 


1,1,-2,1 


110110... 


3LSB 


1LSB 


1,1,1,-2 


11101110 


3LSB 


1LSB 


2,1,-1,-1 


110110 


7LSB 


1LSB 



[0035] For each set of coefficients, the selected code is swept from the maximum value 
to the minimum value at which the output of the DFE still maintains the pattern associated 
with the code (see Table I above). Figure 7 provides an exemplary schematic to illustrate 
the operation of this mode. 

[0036] Referring now to Figure 7, upon entering this mode (which may occur during 
initialization), the amplifier 30 is shut off, represented conceptually by the open switch 31. 
Upon shutting off amplifier 30, the differential inputs (represented as RXP and RXN) are 
isolated from the summing node 44. The sampler 29 samples the signal z(n) which 
represents the sum of the feedback signals from multipliers 174-180. In general, z(n) is 
the analog input signal to the sampler 29 at time n. The multipliers 174-180 are 
associated with the various taps and represent some or all of the multipliers 86-100 in 
Figure 2. The sampler 29 samples z(n) to determine decision d(n) such that if z(n) is 
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greater than 0, then d(n) = +1 . If z(n), however, is less than 0, then d(n) = -1 . Deserializer 
152 receives the decisions from the sampler 29 and generates 16-bits of data and a 
synchronizing byte clock. The 16-bits of data and the byte clock are provided to a pattern 
verifier 172 which is programmed with, or otherwise has access to, the repeating patterns 
that should result from the imposition of each set of tap coefficients from Table I. If the 
correct repeating pattern is detected by the pattern verifier 172 for a given set of tap 
coefficients, the pattern verifier instructs the tap generator 174 (which may be 
implemented in the LMS coefficient generator 20) to output the next set of tap coefficients. 
This process continues until the sampler 29 is unable to resolve the input z(n) correctly 
thereby resulting in errors being detected by the pattern verifier 172. At that point, the 
pattern verifier 172 outputs the sensitivity level at which the sampler 29 failed (or the 
immediately preceding sensitivity at which the sampler functioned correctly), thus 
providing a direct measure of the at-speed sensitivity of the sampler. 
[0037] An exemplary equation governing the operation of the pattern generation of tap 
generator 174 during the sensitivity determination mode is z(n)=-(d*d(n-1)+c2*d(n- 
2)+c3*d(n-3)+c4*d(n-4)) where z(n) is the analog signal input to the sampler at time n, c1- 
4 are the four tap coefficients and d(n01...n-4) are the delayed decisions from the sampler 
29. Because the taps have a finite word length, the maximum amplitude is determined by 
the maximum value that can be taken by the smallest tap while still maintaining the tap 
relationships given in column 1 of Table 1. For example, if C1=2, C2=1, C3=-1, C4=1, 
then the minimum amplitude of the signal into the sampler is 1*(digital-to-analog ("DAC") 
conversion factor), while the maximum amplitude (assuming C4max=7) will be 7*(DAC 
conversion factor). The TAP coefficients are converted into voltage levels in a DAC, with 
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an exemplary conversion factor given by V=C(i)*8mV. Hence, the sensitivity 
determination mode can be used to screen parts with a minimum sensitivity threshold in 
the range of 8 to 56mV for the example above. 

[0038] Referring again to Figure 2, the architecture of DFE 12 provides an additional 
speed enhancement. As can be seen, the sense amplifiers 40 and 42 used to sample the 
data bits are coupled to the inputs of multipliers 86 and 88 without the use of intervening 
latches. As such, the speed of the DFE is increased through the feedback of raw sense 
amplifier outputs, instead of latched outputs, for the post-cursor symbol decisions. One or 
more embodiments of sense amplifiers 40, 42 (and, if desired, sense amplifiers 36, 38) 
suitable so as to avoid the use of output latches are disclosed in commonly owned patent 
application entitled "High Performance Sense Amplifiers," filed concurrently herewith. 
[0039] In general, the input amplifier 30 may have a large variation in its gain. Such gain 
variations may make pre-programmed DFE coefficients useless. In accordance with the 
preferred embodiments of the invention, DFE 12 attempts to reduce the effects of 
variations in gain of the input amplifier by normalizing the ISI cancellation currents to the 
input amplifier gain. In Figure 8, the input amplifier 30 is represented by the 
transconductance (Gm) of the amplifier. Figure 8 also shows a parallel VDDT/20 voltage 
driven Gm cell 190 that tracks variations of the input amplifier's Gm value. That is, a 
change in the gain of the input amplifier 30 will be associated with the same change in the 
cell 190. ISI cancellation currents are slaved to the output of the tracking GM cell 190 as 
described below. 

[0040] The output of cell 190 is multiplied by a constant K at multiplier 186. The constant 
K is provided for scaling purposes and is application specific. The output from multiplier 
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186 is provided to digital-to-analog converter ("DAC") 188 which provides reference 
currents to each of four DACs 192-198 associated with each of the four taps. By varying 
the reference currents to the DACs 192-198, the conversion provided by the DACs can be 
controlled so as to track changes in the gain of the input amplifier 30, thereby normalizing 
ISI cancellation currents from the various taps to the gain of the input amplifier. 
[0041] A possibility (albeit relative small) exists that the DFE 12 may "lock-up" given a 
certain combination of channel, DFE coefficients, input waveform and data decisions. In 
general, all or some of these variables can be modified to free the equalizer from this 
erroneous state. However, various problems exists with various of these approaches. 
Naturally, modifications to the channel itself are beyond the control of the receiver. Neither 
input waveform suppression nor asynchronous inhibition of the feedback signal 
guarantees an exit from the lock-up state. Further, the turn-on time for DFE coefficients 
may span hundreds of symbols thereby making this method of re-entry unattractive. 
[0042] In accordance with the preferred embodiment of the invention, the DFE 12 uses 
differential signaling in the feedback path. With reference to Figure 2, the outputs of the 
sense amplifiers 36-42 are differential in nature. The DFE's feedback is nullified if both the 
output signals (the "true" signal and its complement) have the same value — both high or 
both low. This property is exploited in the preferred embodiment to exit the DFE-on state 
(i.e., to turn off the DFE 12 and not provide equalization to the input RX signal). The DFE 
12 is effectively turned off when each feedback tap's differential signals are equal. The 
preferred embodiment causes the DFE-on state to be exited by forcing the differential 
decisions signals to have the same value. Forcing zero differential decision values leads 
to zero feedback and exit from the DFE-on state. This approach preserves the tap 
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currents and summation node common-mode during the DFE-off state thereby enabling 
rapid subsequent re-entry into the DFE-on state. 

[0043] The first post-cursor decision circuit (tap 1), sense amplifier 40, 42 and latch 50, 
52 enter a pre-charge state when their differential outputs are no longer required for ISI 
cancellation. In this pre-charge state, the differential decision output signals are effectively 
shorted together at the high logic state. Preserving this condition on first tap's decisions 
and propagating it to the other taps through the latches 50-64 effectively zeroes the 
feedback and accomplishes the exit from the DFE-on state. Exit synchronicity is attained 
through gating of the asynchronous control signal with the ISI cancellation clock. The 
aforementioned propagation of the zero feedback is depicted in the timing diagram of 
Figure 9 at 206. The signal labeled "FLASH" is a signal that is driven high (low) when the 
DFE 12 should be turned off (on). The signal labeled "FLASH_SYNC" is a synchronized 
version of the FLASH signal. 

[0044] Synchronous release of the first post-cursor symbol decision leads to smooth re- 
entry into the DFE-on state, in concert with an associated propagation through the various 
taps. The transition back to the DFE-on state is depicted in Figure 9 at 208. 
[0045] While the preferred embodiments of the present invention have been shown and 
described, modifications thereof can be made by one skilled in the art without departing 
from the spirit and teachings of the invention. The embodiments described herein are 
exemplary only, and are not intended to be limiting. Accordingly, the scope of protection is 
not limited by the description set out above. 



116168.01/1962.09300 (TI-37348) 



17 



